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Creativity-Enhancing Technological Change in the Production of Scientific Knowledge

I. Introduction
In his seminal article assessing the contribution of R&D to productivity growth, Griliches (1979, p. 95) footnoted that the relationship between the current state of technical knowledge and investments in R&D might be indicative of a "knowledge production function." In the opening decades of the 21 st century, some evidence suggests a slowdown in the productivity of the processes by which research generates new scientific knowledge. For example, Bloom et al. (2017) present evidence that increasing amounts of scientific resources are required to produce new science, a result that would be expected given the observations of de Solla Price (1963) roughly half a century earlier about the impending breakdown in what had been exponential growth of science. 1 However, creativity-enhancing technological change in the production of scientific knowledge could mitigate or even reverse the slowdown in the productivity of the process generating new science, and it is that type of technological change for which we adduce evidence in this paper. Thus, the purpose of this paper is to decompose the rate of growth in scientific knowledge (scientific output per unit of scientific personnel) into the portion that is explained by an increase in R&D capital per unit of scientific personnel and the residual portion that we attribute to creativity-enhancing technological change.
In Section II, we provide a theoretical framework for the paper in terms of the underlying literature related to scientific knowledge. In Section III, we discuss the data related to scientific publications and investments in R&D that we use in this paper. These data came from the National Institute of Standards and Technology (NIST) within the U.S. Department of Commerce. In Section IV, we implement Solow's approach to decompose the change over time in scientific publications into the portion of that change that is attributable to changes in R&D 1 He observes (1963, p. 30 ) that "the growth curve of science as a whole … has had an extraordinarily long life of purely exponential growth and . . . at some time must begin to break down and be followed by a generation-long interval of increasing restraint …" His logic and description of the various logistic curves in his "Prologue to a Science of Science" (1963, pp. 1-32) predicted that the period of restraint was impending. Indeed, his discussion points to the decades when Bloom et al. (2017) observe declining productivity in science as the period when the exponential growth of science would break down. capital intensity and the portion-the shift in the production function-that remains unexplained by the model. Then, in Section V, we identify an important explanatory factor correlated with the unexplained portion of change over time in scientific publications. In our concluding Section VI, we offer two interpretative points. First, we suggest that the explained portion of the increase in research productivity can be thought of as a rate of return metric for technology transfer activity. Second, we emphasize that the unexplained portion-our calculated residualcan be thought of as a measure of the increase in research creativity enabled by technological change in the process of producing scientific knowledge. Understanding the factors that drive the increase in research creativity is of utmost importance for public policy that successfully supports the continued productivity growth of science even as the exponential growth of scientific inputs is no longer possible.
II. A Theoretical Framework and Related Literature
Following Griliches' (1979) description of the R&D to technical knowledge relationship, which he referred to as a knowledge production function, numerous scholars have operationalized the concept in terms of a statistical relationship between patenting activity and investments in R&D.
There is a rich literature on the propensity of firms to patent tracing to Scherer's (1983) classic paper on the propensity to patent and to the scholarship of Bound et al. (1984) and others. Much of the subsequent empirical literature that is couched under the rubric of a knowledge production function is based either on a reduced form model like that used by Scherer (Hall and Harhoff, 2012) or a Cobb-Douglas structural model (Hall and Ziedonis, 2001; Czarnitzki et al., 2009) between patent activity and investments in R&D. Link and van Hasselt (2019) apply a structural model to patent applications and public R&D investment across U.S. federal agencies.
The literature also offers the related approach of exploring a knowledge production function in the context of the relationship between scientific publications and R&D investment. In this paper, we develop that related approach to the construction and estimation of a knowledge production function that views scientific publications as a measure of the current state of technical knowledge. The literature that we build on begins with de Solla Price (1963); he used scientific publications as a measure of the growth of science. He observed (de Solla Price, 1963, p. 8):
Just after 1660, the first national scientific societies in the modern tradition were founded; they established the first scientific periodicals, and scientists found themselves beginning to write scientific papers instead of the books that hitherto had been their only outlets.
The relationship of R&D inputs to the scientific output of publications is explored by Adams and Griliches (1996) ; they relate the input of academic R&D expenditures to output, across disciplines and over time, as measured by the number of papers published and the number of citations of those papers. Shelton (2008) relates scientific papers, as a measure of science output, to various measures of R&D investment across countries and through time.
A focus on scientific publications is not a criticism of studies with a focus on patenting activity.
Rather, publications are an alternative measure of technical output from investments in R&D.
To explore the relationship between the input, R&D, and the output scientific publications, we relate scientific publications to investments in R&D capital and scientific labor through Solow's (1957) method of functional decomposition, which is more general in structure than the models of patenting or publications in the literature.
III. Description of the Data
NIST is the U.S. federal laboratory responsible for promoting innovation and industrial competitiveness through the advancement of measurement science, standards, and new technology in ways that enhance economic security and improve our quality of life. 2 The Technology Partnerships Office at NIST is responsible for the summary report to the President and the Congress on annual technology transfers from federal laboratories. While scientific publications are not included in the Office's summary reports as a technology transfer mechanism, NIST has collected data on scientific publications, that appeared as articles in peerreviewed journals, over time as part of its internal due diligence; and the Office graciously shared those data with us by fiscal year of publication. 3 Herein, we view scientific publications as a measure of the laboratory's scientific knowledge output. See column (1) in Table 1. 4 Insert Table 1 about here Unique to the R&D data provided by NIST is the separation of total intramural R&D into scientific personal costs and the remaining non-scientific personnel or research capital costs. As shown from columns (2) and (3) in Table 1 , approximately 60 to 70 percent of total intramural R&D has been allocated to personnel each year.
Absent from NIST's assembled data is the number of R&D workers per year. 5 We constructed an annual index of scientific personnel by dividing real scientific personnel costs in each year (column (3)) by real scientific personnel costs in 1973; this index equals 1 for 1973 as shown in column (6). Similarly, we constructed an index of research capital by dividing real research capital costs in each year (column (4)) by real research capital costs in 1973; this index also equals 1 for 1973 as shown in column (8). The data in column (9) represent the ratio of these two indices.
IV. Decomposing Changes in Scientific Publications
Following Solow (1957) in part, let Q denote scientific publications as our proxy for the output of scientific knowledge each year. From each year's total R&D expenditures, let K denote research-capital input, and let L denote scientific-personnel input (i.e., human-capital input).
Thus, we write:
where A(t) is a shift factor. 6 In the first year of our time series of observations of Q, K, and L, we assume that A(1) = 1, and reflects the impact of accumulated R&D-knowledge stock, both human capital and R&D-physical capital. Then, throughout our time series, it follows that the percentage change in Q equals the percentage change in A(t) plus the percentage changes in K and L where the latter two percentage changes are weighted by their relative shares. 7 From the discrete data in Table 1 , we can thus calculate ∆A(t)/A(t) and A(t), and we do so, as did Solow, under the assumptions that K and L are paid their marginal product and the sum of the two relative shares equals unity. 8
de Solla Price (1963) documented the exponential growth of science and observed that given the constraints on the growth in the numbers of scientists, the sustainability of the growth of science would require improvements in the process of doing science-technological change in the process of scientific research. 9 The shift factor A(t) reflects that technological change; a positive shift in the knowledge production function measures an increase in the productivity of NIST's scientific research enterprise.
Using our constructed index of scientific personnel, the scientific knowledge output measured as scientific publications per unit of the scientific personnel index increased from 417.0 in 1973 to 550.0 in 2008. Dividing the latter figure by 1.0542, which is the 2008 value for A(t) and hence the full shift factor-reflecting, as Solow (1957, p. 312 ) emphasizes, the cumulated effects of shifts in the production function over time-for the scientific publications production function in equation (1) 
V. A Model of Creativity-Enhancing Technological Change
The driver of the unexplained 21 percent might be improvements in the scientific creativity of NIST scientists. If this proposition has merit, then the question arises: What endogenous activities has NIST undertaken to develop such scientific creativity? Or: Are improvements in scientific creativity because of phenomena exogeneous to NIST?
Perhaps future scholars will investigate models, similar to those widely used to measure the marginal rate of return to investments in R&D (Terleckyj, 1974) , that have worked with functions for the production of aggregate output. In the present context, the models of the production of scientific knowledge might take the form of ∆A(t)/A(t) = f (X), where X is a vector 10 Alternatively, from Table 1 , scientific publications per $100,000 of real personnel costs increased from 0.400 publications per $100,000 in personnel costs in 1973 to 0.527 in 2008 when the Great Recession began. Dividing the latter figure by 1.0542, which is the 2008 value for A(t) and hence the full shift factor for the knowledge production function in equation (1) over the 36 year period, we have scientific publications per $100,000 of personnel costs net of the technological change in the process of scientific research over the 36 years. Since (0.527 / 1.0542) = 0.500, we see that without the improvement in the process of scientific research, the increase in research capital per unit of scientific personnel explains 79 percent of the actual increase in scientific publications per $100,000 in scientific personnel costs. Technological change in the process of doing science, explains 21 percent of the increase in the scientific publications per unit of personnel costs.
of endogenous enhancing activities and exogenous factors. Thus, following Solow (1957) , an understanding of those factors could be developed by studying the time series for A(t). The importance of such a study follows from de Solla Price's observations about the growth of science and the inference that we need productivity-enhancing technological change in the production of scientific knowledge.
The work for future scholars is important because of the need for productivity-enhancing technological change as the proportion of the workforce devoted to science inevitably ceases to grow exponentially. It is also important because we do not understand the endogenous and exogenous factors at work that drive the dramatic swings in creativity observed in the time series for A(t) that we have developed to reflect the shifts in the function describing scientific publications as a function of NIST's use of scientific resources. in the context of his aggregate production function and observe (p. 316), "One notes with satisfaction that the trend is strongly upward …", we are confronted with a puzzle. Figure 1 shows what appears to be a systematic advance over the period from 1973 through 1987 in technological change for NIST's production of scientific knowledge using its research capital and personnel. This systematic advance is not without interruptions. The number of scientific publications declined in 1984 and then increased in 1985, and given lags in the publication process this might have been the result of endogenous events in earlier years, or it might simply be unexplained anomaly. However, the positive shift in the production function from 1973 dNIST is a qualitative variable that equals 1 for each year from 1988 through the final year of the data in 2008, years when the federal laboratory was NIST; it equals 0 for the years from 1973 through 1987, the years when the federal laboratory was the NBS. Director's_Tenure is measured from the information in Table 2 . 12 Table 3 shows the 36 yearly observations for Director's_Tenure. Table 4 shows the descriptive statistics for these variables.
Insert Tables 2, 3 , and 4 about here Table 5 shows the results from the estimated model. The first specification fits a different intercept and different slope for the growth rate of the shift in the production function for each organizational period; that is, during the period when the federal laboratory was organized as the NBS, and then during the period of NIST. The difference in the intercepts is wholly insignificant, and the model as a whole is not quite significant at the .10-level. Given that the difference in the intercepts for the two periods is completely insignificant, the second specification provides the parsimonious functional form with just the slopes of the relationship differing, and that specification is statistically significant at the .05-level. The partial derivative of ∆A(t)/A(t) with respect to Director's_Tenure is positive (with the rate of change in the shift factor increasing about 1 percent per year per year of tenure for both specifications) during the period of the NBS when there was very little turnover in the director's position. That derivative falls and indeed becomes slightly negative (about minus 0.3% for the first specification, and about minus 0.4% for the second) during the NIST period when there was considerable turnover of directors. The partial derivative of ∆A(t)/A(t) with respect to dNIST is negative in both specifications and even becomes more negative as the tenure of a director during the period beginning in 1988 increases. No director served for very long within that period, and if one takes the estimate at face value, it appears that challenges-to the extent that they were manifested in our measure of scientific output-of the reorganization from NBS to NIST were not mitigated by longer tenure. However, it may simply be that although our specification using
Director's_Tenure captures the period of upward shifts in the production function that is then followed by a period of downward shifts, the behavior of ∆A(t)/A(t) may have a different explanation. Rather than a period of adjustment to the new organizational form for the national laboratory, the downward shift in the production function may reflect the period of adjustment that de Solla Price predicted, and we return to that possibility in our conclusion.
Insert Table 5 about here
VI. Conclusion
The contribution of this paper is our decomposition of the rate of growth in scientific output per unit of scientific personnel into the portion that is explained by an increase in R&D capital per unit of scientific personnel and the residual portion that we attribute to creativity-enhancing technological change. Using Solow's method, we found that 79 percent of NIST's increase from 1973 to 2008 in scientific publications per unit of scientific personnel is explained by an increase in federal R&D capital per unit of scientific personnel. In conclusion, we observe first that the explained 79 percent offers a possible metric for federal laboratories' mandated reporting of the ROI to federal R&D. Then, second, we observe that the unexplained or residual 21 percent-a measure of creativity-enhancing technological change-is a phenomenon that offers a way to reverse the perceived slowing of the productivity of science. organizations. For America to maintain its position as the leader in global innovation, bring products to market more quickly, grow the economy, and maintain a strong national security innovation base, it is essential to optimize technology transfer and support programs to increase the return on investment (ROI) from federally funded R&D.
Scientific publications are a federal laboratory transfer mechanism for technical knowledge.
Although our analysis in this paper only deals with scientific publications from one federal laboratory, NIST, our finding that 79 percent of the increase in scientific publications per index unit of scientific personnel is associated with the increase in R&D-based research capital per index unit of scientific personnel is a measure of the return on intramural R&D investments in scientific knowledge.
What is also interesting is that 21 percent of the increase in scientific publications per index unit of scientific personnel is not explained by investments in R&D-based research capital per index unit of scientific personnel. Of course, one could reasonably argue that our calculated residual does not take into account improvements in human capital over time, say though education; or lags between investments in R&D-based research capital and the output from the publication process; or elements of the depreciation of R&D-based knowledge. We do not dismiss such arguments. However, what we have documented is that R&D investments are not the end-all explanation for the generation of new scientific knowledge made public through scientific publications from R&D; there is a residual increase in scientific knowledge, unexplained by the increase in research capital per unit of research personnel. That increase, we suggest, would be because of creativity-enhancing technological change in the process of producing scientific knowledge. Although we have examined only scientific publications as a measure of knowledge, and although we have studied the knowledge production at NIST, the approach that we have used could be applied to other measures of knowledge production and for other research organizations such as universities.
Moreover, the downward shifts in the knowledge production function that began in 1988 may reflect the effects of exponential growth of science beginning to "break down" and the "interval of increasing restraint" predicted by de Solla Price (1963, p. 30) as discussed earlier. If so, the decline after 1987 in A(t) as depicted in Figure 1 would correspond to the general decline in productivity in science described by Bloom et al. (2017) , rather than simply reflecting a period of institutional readjustment at NIST that we modeled in Section V using an illustrative model in the form of ∆A(t)/A(t) = f (X).
Perhaps of more general importance for public policy aimed at supporting the continued growth of science, even as exponential growth of scientific inputs is no longer possible, is that our decomposition identified creativity-enhancing technological change and factors that drive it.
Perhaps future research will develop understanding of the endogenous enhancing activities and the exogenous factors in the creation of scientific knowledge, not only within NIST but also across other federal laboratories and, moreover, across universities as well as the basic research activities of industry. Understanding creativity-enhancing technological change in the production of scientific knowledge may suggest adjustments to policy that would have the potential to increase productivity in science. Notes for specification (1) 
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